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The autoimmune disease multiple sclerosis (MS) is characterized by relapses in the 
majority of patients. A definitive clinical diagnosis of relapse in MS can be complicated 
by the presence of an infection or comorbid disorder. In this mini-review, we describe 
efforts to develop enhanced imaging techniques and biomarker detection as future tools 
for relapse validation. There is emerging evidence of roles for meningeal inflammation, 
sex hormones, comorbid metabolic or mood disorders, and a dysregulated immune 
profile in the manifestation and severity of relapse. Specific subsets of immune cells likely 
drive the pathophysiology of relapse, and identification of a patient’s unique immunolog-
ical signature of relapse may help guide future diagnosis and treatment. Finally, these 
studies highlight the diversity in terms of relapse presentation, immunological signature, 
and response in patients with MS, indicating that going forward the best approach to 
assessment and treatment of relapse will be multifactorial and highly personalized.
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Multiple sclerosis (MS) is a chronic autoimmune disease, which most commonly presents in a relapse 
and remitting form, called relapsing-remitting MS (RRMS). Approximately 85 to 90% of patients 
with MS will experience one or more relapses, also called flares or exacerbations, at some point in the 
course of their disease (1). MS relapses can manifest as a wide array of symptoms, including fatigue, 
sensory disturbances, and ataxia. Relapse severity generally increases, while recovery decreases with 
age and disease progression (2). Since relapses are associated with inflammatory demyelinating 
lesions, research in recent years has been devoted to uncovering the role of the immune system 
and other physiological factors involved in triggering relapse in RRMS. Here, we describe recent 
advances regarding the etiology, characterization, and validation of relapse.
DeTeRMininG THe vALiDiTY AnD SeveRiTY OF A ReLAPSe
Relapses in RRMS are related to increased inflammatory activity associated with central nervous 
system (CNS) demyelination and new or worsening symptoms lasting at least 1–3 days, but can 
persist for months. The location of the demyelinating lesion affects the presentation of symptoms for 
a given relapse. Due to the etiology of a relapse, it is possible for patients to experience a return of 
symptoms when the body enters a pro-inflammatory state unrelated to their autoimmune disorder, 
such as in the context of an infection. In these instances, the patient experiences a “pseudo-relapse.”
A pseudo-relapse can also be associated with non-inflammation-related changes in body tempera-
ture, which can occur during fever, heat exposure, or exercise. In patients with demyelinated lesions, 
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increases in body temperature can impact the ability of an action 
potential to propagate along an axon, resulting in a conduction 
block (3). Under these conditions, then, a patient will typically 
experience a return or worsening of previous symptoms. The 
physical exam is the primary method used to diagnose relapse, 
while magnetic resonance imaging (MRI) is often used to help 
validate the authenticity of a relapse. Gadolinium enhancement 
of T1-weighted MRI can detect white matter lesions indicative 
of breakdown of the blood–brain barrier. The finding of a new 
lesion indicates recent demyelinating activity, and if anatomically 
consistent with the nature of the symptoms, supports the diag-
nosis of a true relapse. It is important to be able to differentiate 
relapse from infection or other medical comorbidities and treat 
the underlying illness first.
The combination of patient symptoms, objective physical 
exam findings, and neuroimaging results should be compared 
to previous exams to help determine whether a patient is truly 
having a MS relapse. This comparative approach would be greatly 
facilitated by the increased use of existing symptom and disability 
assessment scales and the validation of new ones. The Expanded 
Disability Status Scale (4) is the most widely used neurological 
exam scale in clinical trial settings, but focuses primarily on 
mobility, while the Multiple Sclerosis Functional Composite (5) 
scale is considered more sensitive (6), however, both are time 
consuming. In contrast, the assessing relapse in multiple sclerosis 
(ARMS) questionnaire (7) is a less rigorous, but more practical 
method. If formally validated, the ARMS questionnaire could 
allow clinicians to more effectively evaluate a patient’s percep-
tions of relapse symptoms and quickly identify issues associated 
with a true or pseudo-relapse. Although better methods are 
needed to accurately assess the validity and severity of relapse in 
routine clinical practice, new tools have emerged in recent years 
to facilitate future diagnosis and treatment decisions (Figure 1) 
with the goal of improving patient outcomes.
CORTiCAL PATHOLOGY in ReLAPSe
Cortical pathology and cognitive dysfunction are typically asso-
ciated with progressive forms of late stage MS; however, recent 
studies suggest that gray matter damage begins earlier and can 
increase the severity and progression of RRMS (8). Historically, 
cortical demyelinating lesions could not be detected using con-
ventional MRI techniques. These MRI “invisible” lesions could 
only be accurately identified through a pathological assessment 
using cortical tissue obtained through autopsy or biopsy, which 
made it impractical as a useful clinical diagnostic tool. Although 
more common in secondary progressive MS (SPMS), pathological 
evidence of cortical lesions has also been found in tissue obtained 
from patients recently diagnosed with RRMS (9).
Subpial cortical lesions are often associated with nearby 
meningeal inflammation. Tertiary lymphoid follicles, which are 
ectopic CNS lymphoid structures that attract and maintain B cells 
and T cells (10), have been found to reside in the meninges of 
some MS patients (11). Since the subarachnoid space contains 
the interface between cerebrospinal fluid (CSF) and vasculature, 
it can serve as an entry point for antigen-experienced leukocytes 
into the CNS. Indeed, in the rodent experimental autoimmune 
encephalomyelitis (EAE) model, B  cell accumulation in the 
subarachnoid space and meningeal inflammation is associated 
with clinical symptoms of relapse (12). Although it has not yet 
been technically possible to perform a corollary analysis of this 
type in humans, pathological studies have indicated that the 
presence of these tertiary lymphoid follicles is associated with an 
increased severity of disease progression (11). Therefore, patients 
with and without cortical lesions or ectopic follicular structures 
may represent subpopulations with different disease trajectories, 
which could influence treatment options (8), and necessitates the 
development of better detection methods for these features.
Recent developments in MR imaging techniques have allowed 
for the detection of cortical lesions in vivo and provide for the 
chance to correlate imaging and pathological findings. The use of 
these more sensitive methods including magnetization transfer 
imaging, double inversion recovery, and phase-sensitive inver-
sion recovery MR sequences improves detection of gray matter 
lesions, particularly when done in a high field 7-T scanner (13). 
These imaging techniques have provided evidence that clinical 
symptoms can be associated with cortical lesions during relapse 
(14). Advanced imaging techniques have also allowed for the 
detection of leptomeningeal inflammation, which in some cases 
has been pathologically confirmed to be both associated with fol-
licular structures and in close proximity to subpial demyelinating 
lesions (15). Similar to prior pathology-based studies, leptome-
ningeal enhancements were associated with increased disability, 
and although more common in progressive patients, they were 
also found in 19% of examined RRMS patients. Interestingly, this 
study hints that, in RRMS patients, inflammation in the meninges 
may be transiently associated with cortical lesions and responsive 
to treatments during relapse. These new techniques will help 
improve our understanding of how cortical lesions occur in 
RRMS patients and the ability to do longitudinal studies assessing 
the effect of cortical lesions on relapse severity and progression 
from RRMS to SPMS.
BiOMARKeRS FOR MS ReLAPSe
The detection of gadolinium-enhanced T1 lesions is currently 
the “gold standard” in terms of authenticating relapse in RRMS. 
However, MRI is a costly and time-intensive procedure and 
not the most practical diagnostic tool, particularly for patients 
who reside far from major medical centers. Additionally, the 
frequent use of gadolinium-based contrast agents can result in 
the development of gadolinium brain deposits in some patients 
(16). Unfortunately, an alternative imaging technique, diffusion-
weighted imaging suffers from a high false positive rate (17), 
and traditional MS diagnostic markers in CSF, such as IgG, and 
oligoclonal bands, have not been shown to carry prognostic value 
for relapse (18). Since biomarkers have been used to identify 
and predict relapse in rheumatoid arthritis (RA) (19), research 
in recent years has sought to find a similar panel of markers for 
RRMS. At this point, no definitive markers have been identified, 
but some promising candidates have emerged.
RRMS is associated with demyelinating inflammatory activity 
and the immune cells driving this inflammation have particular 
biochemical signatures in terms of the genes they express and 
FiGURe 1 | emerging methods to validate and monitor treatment for multiple sclerosis (MS) relapse. This schematic provides an outline of how currently 
available and emerging tools could be used to help validate the diagnosis of MS relapse, as determined through a physical exam. Assessment scales are currently 
the easiest, but subject to patient biases, and advanced imaging techniques the most reliable, but least accessible. Biomarkers are emerging as a new avenue to 
bridge this divide, but still require further clinical validation. Diagnosis can be confounded by comorbid disorders, the presence of which can also impact treatment 
decisions. If patients are diagnosed with a true relapse, the choice of treatment will depend on severity, and effectiveness can be monitored using the relapse 
validation tools.
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substances they secrete. Expression studies in MS patients have 
revealed major changes in immune system-related genes that are 
associated with the presence or severity of disease, particularly 
in B cells and T cells (20). Consequently, there has been a recent 
focus on the identification of factors, which convey the state of 
the immune system, in addition to those associated with active 
demyelination, in order to uncover a signature for MS relapse.
As a disease of the CNS, the most accurate indicators of RRMS 
disease activity are likely to reside within the CNS. Therefore, CSF 
potentially represents the best source for biomarkers. Levels of 
neurofilament light (NF-L) in CSF from MS patients has been 
found to be increased during active relapse and correlated with 
disease activity (21); however, NF-L is associated with axon loss 
in a variety of neurodegenerative disorders (22), and thus is not 
truly specific to RRMS relapse. The chemokine CXCL13 is indica-
tive of inflammation and has also been found to be elevated in the 
CSF during relapse (23). As a potent B cell attractant involved 
in lymphoid follicle formation, we believe it may also serve as a 
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readout of meningeal inflammation and CNS tertiary lymphoid 
structures, though that has yet to be tested. Similar to NF-L, 
increased CXCL13 levels are not specific to MS, but, in combina-
tion, may be more diagnostically predictive. Moreover, although 
CSF markers may be the most direct readouts of disease activity, 
obtaining CSF samples through lumbar puncture to validate 
relapse may not be clinically practical, which has propelled the 
effort to identify serum biomarkers.
The prognostic utility of peripheral serum biomarkers is 
supported by the diagnostic reproducibility of factors con-
tained in both CSF and blood. Indeed, serum levels of both 
NF-L (24) and CXCL13 (25) are also associated with RRMS 
disease activity. mRNA expression studies in peripheral blood 
mononuclear cells (PBMCs) have shown that expression of the 
T cell cycle regulator RGC-32 decreases, whereas the cytokine 
IL-21 increases during acute relapses, compared to patients 
with stable RRMS (26).
Small non-coding RNAs, particularly microRNAs (miRNAs), 
which can be secreted in extracellular vesicles, are critical for 
the development and regulation of immune cells (27). Thus, 
assaying miRNAs from PBMCs and sera indicate not only the 
overall inflammatory state but also specify whether the immune 
system is acting in a beneficial or pathogenic manner. miR-155, 
which promotes pathogenic helper T cell and pro-inflammatory 
myeloid cell activation, is elevated during relapse and responds to 
disease-modifying therapy (DMT) (28).
Another study found evidence of small non-coding RNAs, 
which change in a bidirectional manner between relapse and 
remitting phases (29), including miR-18b, which has also 
been associated with poor prognosis in B  cell lymphoma (30). 
Interestingly, some of these were sex dependent (29) and may 
be related to the role of estrogen in immune system regulation. 
Since infections can trigger similar immune responses, the use of 
immune system-associated factors alone would not be able to def-
initely discriminate between a true relapse and a pseudo-relapse. 
Once again, reliability would be increased by the incorporation 
of demyelination-related markers.
Stool samples, as a readout of the gut collective microbial com-
munity (microbiota), may also be the valuable source of biomark-
ers for MS relapse [for comprehensive review of the topic, see Ref. 
(31)]. The microbiota is a key integrated component of human 
biological systems, which influences the physiological systems of 
the host, particularly the immune system, both systemically (32) 
and in the CNS (33). The intestinal microbial community can 
regulate blood–brain barrier permeability (34) and demyelina-
tion (35) and thus may be associated with MS relapse risk (36, 
37). Indeed, a recent pilot longitudinal study in pediatric MS 
patients found that the absence of the phylum Fusobacteria in 
the gut was associated with an increased risk of relapse compared 
to patients in which this phylum was present (38). Further studies 
will be required to confirm these findings and determine if they 
are predictive of relapse.
A recent study exploring the use of serum-derived cytokines 
as biomarkers in pediatric MS demonstrating that the ratio 
of IL-10 to other pro- and anti-inflammatory cytokines has 
predicative power for relapse (39) highlights the need for a com-
parative approach involving several markers. Additionally, since 
treatments affect many of these markers (40), it will be critical to 
have a baseline reading for each patient, and then a longitudinal 
assessment following treatment, looking at the profile for both 
relapsing and remitting conditions to determine which mark-
ers have the greatest prognostic value for a particular patient. 
Furthermore, the concentration of some inflammation-related 
serum biomarkers varies in a circadian manner, thus taking into 
account the time of day that samples are collected is vital to make 
meaningful comparisons (41). It is also possible that the valid-
ity of particular markers will change over the course of disease 
progression. Ultimately, the use of biomarkers is going to need to 
be multifactorial and highly personalized.
COMORBiDiTieS
Comorbidities have been shown to affect disease progression, 
time to initiation of DMT, as well as compliance (42), which 
may be related to the increased mortality of these patients as 
compared to the general MS population (43). The presence 
of a comorbidity can affect the onset and severity of relapse. 
Comorbidities can negatively impact sleep in MS patients (44), 
which can, in turn, lead to a worsening of symptoms, especially 
fatigue and pain. Sleep is critical for the proper functioning of 
the immune system. The circadian regulation of cytokine output 
produces a daily rhythm in the inflammatory profile, with a pro-
inflammatory state occurring at night (45). Disrupted sleep can 
interfere with this pattern leading to prolonged periods of inflam-
mation throughout the day, thereby exacerbating symptoms (46). 
Additionally, the circadian rhythmicity of key components of the 
immune system has been shown to be dysregulated in MS patients 
(41). Circadian sleep disorders are common in MS patients (47) 
and could be tied to a disruption in melatonin production, which 
is important in sleep–wake cycle regulation. Melatonin helps 
dampen the overactive immune system (48) and low levels are 
associated with relapse (49) and depression (50). Moreover, sleep 
disturbances and fatigue are strongly associated with depression 
in MS patients (51).
Psychiatric disorders, particularly, depression and anxiety 
are found at a higher frequency among MS patients (52). These 
conditions can affect a patient’s perception of relapse as well as her 
tolerance of symptoms, which can further blur the line between 
a real and a pseudo-relapse. Thus, a better assessment of the 
validity and severity of relapse would benefit these patients. In 
a recent study, depression has been found to be correlated with 
relapse severity (53). Depression can also be related to drug and 
alcohol abuse, which can further exacerbate motor and cogni-
tive impairments during relapse (54). Furthermore, screening 
for depression both prior to and after treatment is critical when 
administering high dose corticosteroids for relapse, as these drugs 
have been associated with increased risk of attempted suicide 
(55). Alleviating depressive symptoms through a combination of 
antidepressants (56) and cognitive behavioral therapy (57) can 
help with symptom relief in some patients. Since antidepressants 
can affect the immune system and adverse side effects can lead to 
non-compliance, depression treatments need to be individually 
tailored based on tolerance, DMT, and social support system (58). 
As cognitive behavioral therapy can also improve sleep quality 
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(59), it may be the preferred option for those affected by both 
mood and sleep disorders.
Physical comorbidities and lifestyle factors can also affect 
relapse. Diet is a modifiable lifestyle factor, which can impact the 
severity of disability and relapses in MS patients (60). A poor diet 
is also associated with the development of metabolic disorders 
such as obesity and diabetes. Obesity, particularly during ado-
lescence, has emerged as a risk factor for developing MS (61), 
and obese MS patients experience higher rates of comorbidities 
and greater disability (62). This is believed to stem from the pro-
inflammatory effects of adipokines released from adipose tissue 
(63). Central obesity, as defined by increased waist circumfer-
ence, is often indicative of metabolic syndrome, and is suggested 
to be a more potent risk factor than body mass index alone (64). 
Consequently, efforts to promote a healthy weight and positively 
impact metabolic function can be beneficial for MS patients. 
Indeed, a recent study showed that treatment of diabetes, irrespec-
tive of MS treatment condition, could improve both metabolic 
condition and MS relapse rate (65). Therefore, the treatment of 
a comorbidity can sometimes positively impact relapse rates and 
improve patient outcomes. In contrast, some MS treatments have 
been implicated in the exacerbation of comorbidities (66), which 
could in turn negatively impact the prognosis of the patient in 
the long run. For example, corticosteroid treatment can cause 
hyperglycemia and exacerbate comorbid diabetes. However, if 
MS symptoms continue to worsen, it may be necessary to switch 
to a more potent DMT (67). Since patients with comorbidities 
are generally excluded from clinical trials, more work needs to 
be done at assessing the best treatment combinations for patients 
with comorbidities.
SeX HORMOneS AnD MS ReLAPSe
Unlike many other physiological states, which can exacerbate 
MS, pregnancy usually results in temporary relief from RRMS 
activity. A meta-analysis concluded that pregnancy is associ-
ated with a significant decrease, while the postpartum period 
is associated with an increase in MS activity (68). Levels of sex 
steroids including estrogen and progesterone fluctuate naturally 
during a woman’s menstrual cycle, and some patients with RRMS 
report increases in relapse rate or severity during the luteal 
phase, when the ratio of estrogen to progesterone is lowest (69). 
Women with RRMS have also been found to have lower levels 
of estrogen during the follicular phase, as compared to healthy 
controls (70). Similarly, when taking hormone-based oral con-
traceptives, women report increased symptoms during the week 
when hormones are absent from the pill (71). Furthermore, the 
onset of menopause is associated with the worsening of MS 
(72). Interestingly, a similar trend of symptomatic relief during 
pregnancy and increased relapse severity during menopause and 
postpartum periods has been noted for RA patients (73), sug-
gesting a common role for estrogen in these two inflammatory 
autoimmune disorders.
A growing number of candidates have emerged as potential 
complementary or alternative treatments for MS (74), which are 
used in conjunction with traditional DMTs. Some guidelines 
have been proposed to inform patients and practitioners about 
the likely safety and efficacy of these adjuncts (75). However, it 
will ultimately be necessary to clinically validate these comple-
mentary treatments with a variety of DMTs, since the mechanism 
of the primary therapy could influence the function or efficacy 
of the adjunct. Recently, the therapeutic value of female sex 
hormones in RRMS on relapse has been investigated in phase 
2 clinical trials. These phase 2 trials have demonstrated a thera-
peutic benefit for estrogen when used in combination with the 
DMTs glatiramer acetate (76) and interferon-β (77) and warrant 
further phase 3 studies. The role of progesterone is less clear, as 
the study investigating its use was terminated prematurely (78). 
In the context of RA, however, hormone replacement therapy 
is generally not advised for postmenopausal women due to the 
small degree of benefit in relation to the risk of cardiovascular 
side effects (79, 80). The use of oral contraceptives has generally 
been found to be neutral (81) or beneficial (82) for RRMS, but 
the outcome may be related to progestin content (83). Since birth 
control pills vary in terms of potency and composition of sex 
steroids, they may also differentially affect relapse rate and MS 
progression.
Estrogen is involved in anti-inflammatory processes and can 
affect the release of cytokines and chemokines from immune 
cells. Estrogen has also been shown to induce beneficial T regula-
tory cells in rodent EAE models and in humans (84). It has also 
been reported that in men with MS, serum levels of sex hormones 
and the level of estrogen receptors localized to the T regulatory 
cells are decreased (85), suggesting that the role of estrogen in 
MS is not restricted to women. While estrogen treatment is not a 
clinically viable treatment for men, testosterone is widely under-
stood to be protective against autoimmune disorders, including 
MS. Indeed, decreased testosterone levels are risk factors for the 
development of MS in men (86). A small study recently reported 
a beneficial effect of testosterone therapy in reducing gray mat-
ter loss and associated cognitive decline (87), which may be 
related to the ability of androgens to act as re-myelination agents 
(88). Furthermore, the anti-inflammatory properties of both 
estrogens and androgens may converge on similar mechanisms 
toward the induction and expansion of T regulatory cells (89). 
Future research devoted to increasing our understanding of the 
underlying physiology for MS may help tailor the development of 
therapeutics, which benefit both genders.
AUTHOR COnTRiBUTiOnS
EAM, AM, and YM-D contributed to the drafting and preparation 
of the manuscript and approved it in its final form. AM created 
the diagram and EAM and YM-D provided its details.
FUnDinG
YM-D is currently supported by grants from NIH NIAID 
Autoimmune Center of Excellence: UM1-AI110557, NIH 
NINDS R01-NS080821, and the University of Michigan 
Neurology Department. EAM is supported by a Kirschstein-
NRSA 4T32HD007505-20.
6Mills et al. Validating and Managing MS Relapse
Frontiers in Neurology | www.frontiersin.org March 2017 | Volume 8 | Article 116
ReFeRenCeS
1. Repovic P, Lublin FD. Treatment of multiple sclerosis exacerbations. Neurol 
Clin (2011) 29(2):389–400. doi:10.1016/j.ncl.2010.12.012 
2. Kalincik T, Buzzard K, Jokubaitis V, Trojano M, Duquette P, Izquierdo G, et al. 
Risk of relapse phenotype recurrence in multiple sclerosis. Mult Scler J (2014) 
20(11):1511–22. doi:10.1177/1352458514528762 
3. Davis SL, Wilson TE, White AT, Frohman EM. Thermoregulation in 
multiple sclerosis. J Appl Physiol (2010) 109(5):1531–7. doi:10.1152/
japplphysiol.00460.2010 
4. Kurtzke JF. Rating neurologic impairment in multiple sclerosis: an expanded 
disability status scale (EDSS). Neurology (1983) 33(11):1444–52. doi:10.1212/
WNL.33.11.1444 
5. Rudick RA, Cutter G, Reingold S. The multiple sclerosis functional composite: 
a new clinical outcome measure for multiple sclerosis trials. Mult Scler (2002) 
8(5):359–65. doi:10.1191/1352458502ms845oa 
6. Bin Sawad A, Seoane-Vazquez E, Rodriguez-Monguio R, Turkistani F. 
Evaluation of the expanded disability status scale and the multiple sclerosis 
functional composite as clinical endpoints in multiple sclerosis clinical 
trials: quantitative meta-analyses. Curr Med Res Opin (2016) 32(12):1969–74. 
doi:10.1080/03007995.2016.1222516 
7. Ross AP, Halper J, Harris CJ. Assessing relapses and response to relapse treat-
ment in patients with multiple sclerosis. Int J MS Care (2012) 14(3):148–59. 
doi:10.7224/1537-2073-14.3.148 
8. Geisseler O, Pflugshaupt T, Bezzola L, Reuter K, Weller D, Schuknecht B, 
et al. The relevance of cortical lesions in patients with multiple sclerosis. BMC 
Neurol (2016) 16(1):204. doi:10.1186/s12883-016-0718-9 
9. Lucchinetti CF, Popescu BFG, Bunyan RF, Moll NM, Roemer SF, Lassmann H, 
et al. Inflammatory cortical demyelination in early multiple sclerosis. N Engl 
J Med (2011) 365(23):2188–97. doi:10.1056/NEJMoa1100648 
10. Pikor NB, Prat A, Bar-Or A, Gommerman JL. Meningeal tertiary lymphoid 
tissues and multiple sclerosis: a gathering place for diverse types of immune 
cells during CNS autoimmunity. Front Immunol (2015) 6:657. doi:10.3389/
fimmu.2015.00657 
11. Magliozzi R, Howell O, Vora A, Serafini B, Nicholas R, Puopolo M, et  al. 
Meningeal B-cell follicles in secondary progressive multiple sclerosis asso-
ciate with early onset of disease and severe cortical pathology. Brain (2007) 
130(4):1089–104. doi:10.1093/brain/awm038 
12. Russi AE, Walker-Caulfield ME, Brown MA. Mast cell inflammasome 
activity in the meninges regulates EAE disease severity. Clin Immunol (2016). 
doi:10.1016/j.clim.2016.04.009 
13. Filippi M, Rocca MA, Barkhof F, Brück W, Chen JT, Comi G, et al. Association 
between pathological and MRI findings in multiple sclerosis. Lancet Neurol 
(2012) 11(4):349–60. doi:10.1016/S1474-4422(12)70003-0 
14. Puthenparampil M, Poggiali D, Causin F, Rolma G, Rinaldi F, Perini P, et al. 
Cortical relapses in multiple sclerosis. Mult Scler J (2016) 22(9):1184–91. 
doi:10.1177/1352458514564483 
15. Absinta M, Vuolo L, Rao A, Nair G, Sati P, Cortese ICM, et al. Gadolinium-
based MRI characterization of leptomeningeal inflammation in multiple scle-
rosis. Neurology (2015) 85(1):18–28. doi:10.1212/WNL.0000000000001587 
16. Radbruch A. Are some agents less likely to deposit gadolinium in the brain? 
Magn Reson Imaging (2016) 34(10):1351–4. doi:10.1016/j.mri.2016.09.001 
17. Lo C-P, Kao H-W, Chen S-Y, Chu C-M, Hsu C-C, Chen Y-C, et al. Comparison 
of diffusion-weighted imaging and contrast-enhanced T1-weighted imaging 
on a single baseline MRI for demonstrating dissemination in time in multiple 
sclerosis. BMC Neurol (2014) 14(1):100. doi:10.1186/1471-2377-14-100 
18. Becker M, Latarche C, Roman E, Debouverie M, Malaplate-Armand C, 
Guillemin F. No prognostic value of routine cerebrospinal fluid biomarkers 
in a population-based cohort of 407 multiple sclerosis patients. BMC Neurol 
(2015) 15(1):79. doi:10.1186/s12883-015-0330-4 
19. Rech J, Hueber AJ, Finzel S, Englbrecht M, Haschka J, Manger B, et al. Prediction 
of disease relapses by multibiomarker disease activity and autoantibody status 
in patients with rheumatoid arthritis on tapering DMARD treatment. Ann 
Rheum Dis (2015) 75(9):1637–44. doi:10.1136/annrheumdis-2015-207900 
20. Gandhi KS, McKay FC, Cox M, Riveros C, Armstrong N, Heard RN, et al. The 
multiple sclerosis whole blood mRNA transcriptome and genetic associations 
indicate dysregulation of specific T cell pathways in pathogenesis. Hum Mol 
Genet (2010) 19(11):2134–43. doi:10.1093/hmg/ddq090 
21. Malmeström C, Haghighi S, Rosengren L, Andersen O, Lycke J. Neurofilament 
light protein and glial fibrillary acidic protein as biological markers in 
MS. Neurology (2003) 61(12):1720–5. doi:10.1212/01.wnl.0000098880. 
19793.b6 
22. Wang H, Wu M, Zhan C, Ma E, Yang M, Yang X, et al. Neurofilament proteins 
in axonal regeneration and neurodegenerative diseases. Neural Regen Res 
(2012) 7(8):620–6. doi:10.3969/j.issn.1673-5374.2012.08.010 
23. Khademi M, Kockum I, Andersson ML, Iacobaeus E, Brundin L, Sellebjerg 
F, et  al. Cerebrospinal fluid CXCL13 in multiple sclerosis: a suggestive 
prognostic marker for the disease course. Mult Scler J (2011) 17(3):335–43. 
doi:10.1177/1352458510389102 
24. Kuhle J, Barro C, Disanto G, Mathias A, Soneson C, Bonnier G, et al. Serum 
neurofilament light chain in early relapsing remitting MS is increased and 
correlates with CSF levels and with MRI measures of disease severity. Mult 
Scler (2016) 22(12):1550–9. doi:10.1177/1352458515623365 
25. Festa ED, Hankiewicz K, Kim S, Skurnick J, Wolansky LJ, Cook SD, et  al. 
Serum levels of CXCL13 are elevated in active multiple sclerosis. Mult Scler 
(2009) 15(11):1271–9. doi:10.1177/1352458509107017 
26. Kruszewski AM, Rao G, Tatomir A, Hewes D, Tegla CA, Cudrici CD, et al. 
RGC-32 as a potential biomarker of relapse and response to treatment with 
glatiramer acetate in multiple sclerosis. Exp Mol Pathol (2015) 99(3):498–505. 
doi:10.1016/j.yexmp.2015.09.007 
27. Podshivalova K, Salomon DR. microRNA regulation of T lymphocyte immu-
nity: modulation of molecular networks responsible for T  cell activation, 
differentiation and development. Crit Rev Immunol (2013) 33(5):435–76. 
doi:10.1615/CritRevImmunol.2013006858 
28. Mameli G, Arru G, Caggiu E, Niegowska M, Leoni S, Madeddu G, et  al. 
Natalizumab therapy modulates miR-155, miR-26a and proinflammatory 
cytokine expression in MS patients. PLoS One (2016) 11(6):e0157153. 
doi:10.1371/journal.pone.0157153 
29. Muñoz-Culla M, Irizar H, Sáenz-Cuesta M, Castillo-Triviño T, Osorio-
Querejeta I, Sepúlveda L, et  al. SncRNA (microRNA & snoRNA) opposite 
expression pattern found in multiple sclerosis relapse and remission is sex 
dependent. Sci Rep (2016) 6:20126. doi:10.1038/srep20126 
30. Husby S, Ralfkiaer U, Garde C, Zandi R, Ek S, Kolstad A, et  al. miR-18b 
overexpression identifies mantle cell lymphoma patients with poor outcome 
and improves the MIPI-B prognosticator. Blood (2015) 125(17):2669–77. 
doi:10.1182/blood-2014-06-584193 
31. Mirza A, Mao-Draayer Y. The gut microbiome and microbial translocation in 
multiple sclerosis. Clin Immunol (2017). doi:10.1016/j.clim.2017.03.001 
32. Hand TW, Vujkovic-Cvijin I, Ridaura VK, Belkaid Y. Linking the microbiota, 
chronic disease, and the immune system. Trends Endocrinol Metab (2016) 
27(12):831–43. doi:10.1016/j.tem.2016.08.003 
33. Wekerle H. The gut-brain connection: triggering of brain autoimmune dis-
ease by commensal gut bacteria. Rheumatology (2016) 55(Suppl 2):ii68–75. 
doi:10.1093/rheumatology/kew353 
34. Braniste V, Al-Asmakh M, Kowal C, Anuar F, Abbaspour A, Tóth M, et al. The 
gut microbiota influences blood-brain barrier permeability in mice. Sci Transl 
Med (2014) 6(263):263ra158. doi:10.1126/scitranslmed.3009759 
35. Ochoa-Repáraz J, Kasper LH. The influence of gut-derived CD39 regula-
tory T  cells in CNS demyelinating disease. Transl Res (2017) 179:126–38. 
doi:10.1016/j.trsl.2016.07.016 
36. Chen J, Chia N, Kalari KR, Yao JZ, Novotna M, Soldan MMP, et al. Multiple 
sclerosis patients have a distinct gut microbiota compared to healthy controls. 
Sci Rep (2016) 6:28484. doi:10.1038/srep28484 
37. Jangi S, Gandhi R, Cox LM, Li N, von Glehn F, Yan R, et al. Alterations of the 
human gut microbiome in multiple sclerosis. Nat Commun (2016) 7:12015. 
doi:10.1038/ncomms12015 
38. Tremlett H, Fadrosh DW, Faruqi AA, Hart J, Roalstad S, Graves J, et  al. 
Gut microbiota composition and relapse risk in pediatric MS: a pilot study. 
J Neurol Sci (2016) 363:153–7. doi:10.1016/j.jns.2016.02.042 
39. Cala CM, Moseley CE, Steele C, Dowdy SM, Cutter GR, Ness JM, et  al. 
T  cell cytokine signatures: biomarkers in pediatric multiple sclerosis. 
J Neuroimmunol (2016) 297:1–8. doi:10.1016/j.jneuroim.2016.04.015 
40. Hegen H, Adrianto I, Lessard CJ, Millonig A, Bertolotto A, Comabella M, et al. 
Cytokine profiles show heterogeneity of interferon-β response in multiple 
sclerosis patients. Neurol Neuroimmunol Neuroinflamm (2016) 3(2):e202. 
doi:10.1212/NXI.0000000000000202 
7Mills et al. Validating and Managing MS Relapse
Frontiers in Neurology | www.frontiersin.org March 2017 | Volume 8 | Article 116
41. Wipfler P, Heikkinen A, Harrer A, Pilz G, Kunz A, Golaszewski SM, et  al. 
Circadian rhythmicity of inflammatory serum parameters: a neglected issue 
in the search of biomarkers in multiple sclerosis. J Neurol (2013) 260(1):221–7. 
doi:10.1007/s00415-012-6622-3 
42. Zhang T, Tremlett H, Leung S, Zhu F, Kingwell E, Fisk JD, et al. Examining 
the effects of comorbidities on disease-modifying therapy use in multiple scle-
rosis. Neurology (2016) 86(14):1287–95. doi:10.1212/wnl.0000000000002543 
43. Capkun G, Dahlke F, Lahoz R, Nordstrom B, Tilson HH, Cutter G, et  al. 
Mortality and comorbidities in patients with multiple sclerosis compared 
with a population without multiple sclerosis: an observational study using the 
US Department of Defense administrative claims database. Mult Scler Relat 
Disord (2015) 4(6):546–54. doi:10.1016/j.msard.2015.08.005 
44. Merlino G, Fratticci L, Lenchig C, Valente M, Cargnelutti D, Picello M, et al. 
Prevalence of poor sleep among patients with multiple sclerosis: an indepen-
dent predictor of mental and physical status. Sleep Med (2009) 10(1):26–34. 
doi:10.1016/j.sleep.2007.11.004 
45. Lange T, Dimitrov S, Born J. Effects of sleep and circadian rhythm on 
the human immune system. Ann N Y Acad Sci (2010) 1193(1):48–59. 
doi:10.1111/j.1749-6632.2009.05300.x 
46. Irwin MR, Olmstead R, Carroll JE. Sleep disturbance, sleep duration, and 
inflammation: a systematic review and meta-analysis of cohort studies 
and experimental sleep deprivation. Biol Psychiatry (2016) 80(1):40–52. 
doi:10.1016/j.biopsych.2015.05.014 
47. Najafi MR, Toghianifar N, Etemadifar M, Haghighi S, Maghzi AH, Akbari M. 
Circadian rhythm sleep disorders in patients with multiple sclerosis and its 
association with fatigue: a case-control study. J Res Med Sci (2013) 18(Suppl 
1):S71–3. 
48. Farez MF, Mascanfroni ID, Méndez-Huergo SP, Yeste A, Murugaiyan G, Garo 
LP, et al. Melatonin contributes to the seasonality of multiple sclerosis relapses. 
Cell (2015) 162(6):1338–52. doi:10.1016/j.cell.2015.08.025 
49. Damasceno A, Moraes AS, Farias A, Damasceno BP, dos Santos LMB, Cendes 
F. Disruption of melatonin circadian rhythm production is related to multiple 
sclerosis severity: a preliminary study. J Neurol Sci (2015) 353(1–2):166–8. 
doi:10.1016/j.jns.2015.03.040 
50. Akpınar Z, Tokgöz S, Gökbel H, Okudan N, Uğuz F, Yılmaz G. The association 
of nocturnal serum melatonin levels with major depression in patients with 
acute multiple sclerosis. Psychiatry Res (2008) 161(2):253–7. doi:10.1016/j.
psychres.2007.11.022 
51. Bamer AM, Johnson KL, Amtmann DA, Kraft GH. Beyond fatigue: assess-
ing variables associated with sleep problems and use of sleep medications 
in multiple sclerosis. Clin Epidemiol (2010) 2:99–106. doi:10.2147/CLEP. 
S10425 
52. Marrie RA, Fisk JD, Tremlett H, Wolfson C, Warren S, Tennakoon A, et al. 
Differences in the burden of psychiatric comorbidity in MS vs the general pop-
ulation. Neurology (2015) 85(22):1972–9. doi:10.1212/wnl.0000000000002174 
53. Šabanagić-Hajrić S, Suljić E, Sulejmanpašić-Arslanagić G. Depression during 
multiple sclerosis relapse: relation to disability and relapse severity. Med Glas 
(Zenica) (2016) 13(1):44–9. doi:10.17392/839-16 
54. Bombardier CH, Blake KD, Ehde DM, Gibbons LE, Moore D, Kraft GH. 
Alcohol and drug abuse among persons with multiple sclerosis. Mult Scler J 
(2004) 10(1):35–40. doi:10.1191/1352458504ms989oa 
55. Morrow SA, Barr J, Rosehart H, Ulch S. Depression and hypomania symptoms 
are associated with high dose corticosteroids treatment for MS relapses. 
J Affect Disord (2015) 187:142–6. doi:10.1016/j.jad.2015.08.040 
56. Patten SB. Antidepressant treatment for major depression in multiple sclerosis. 
Int J MS Care (2009) 11(4):174–9. doi:10.7224/1537-2073-11.4.174 
57. Hind D, Cotter J, Thake A, Bradburn M, Cooper C, Isaac C, et al. Cognitive 
behavioural therapy for the treatment of depression in people with multiple 
sclerosis: a systematic review and meta-analysis. BMC Psychiatry (2014) 
14(1):5. doi:10.1186/1471-244x-14-5 
58. Schumann R, Adamaszek M, Sommer N, Kirkby K. Stress, depression and 
antidepressant treatment options in patients suffering from multiple sclerosis. 
Curr Pharm Des (2012) 18(36):5837–45. doi:10.2174/138161212803523671 
59. Abbasi S, Alimohammadi N, Pahlavanzadeh S. Effectiveness of cognitive 
behavioral therapy on the quality of sleep in women with multiple sclerosis: 
a randomized controlled trial study. Int J Community Based Nurs Midwifery 
(2016) 4(4):320–8. 
60. Jelinek GA, De Livera AM, Marck CH, Brown CR, Neate SL, Taylor KL, 
et  al. Associations of lifestyle, medication, and socio-demographic factors 
with disability in people with multiple sclerosis: an international cross-sec-
tional study. PLoS One (2016) 11(8):e0161701. doi:10.1371/journal.pone. 
0161701 
61. Mokry LE, Ross S, Timpson NJ, Sawcer S, Davey Smith G, Richards JB. Obesity 
and multiple sclerosis: a Mendelian randomization study. PLoS Med (2016) 
13(6):e1002053. doi:10.1371/journal.pmed.1002053 
62. Marck CH, Neate SL, Taylor KL, Weiland TJ, Jelinek GA. Prevalence of 
comorbidities, overweight and obesity in an international sample of people 
with multiple sclerosis and associations with modifiable lifestyle factors. PLoS 
One (2016) 11(2):e0148573. doi:10.1371/journal.pone.0148573 
63. Guerrero-García JDJ, Carrera-Quintanar L, López-Roa RI, Márquez-Aguirre 
AL, Rojas-Mayorquín AE, Ortuño-Sahagún D. Multiple sclerosis and obe-
sity: possible roles of adipokines. Mediators Inflamm (2016) 2016:4036232. 
doi:10.1155/2016/4036232 
64. Pinhas-Hamiel O, Livne M, Harari G, Achiron A. Prevalence of overweight, 
obesity and metabolic syndrome components in multiple sclerosis patients 
with significant disability. Eur J Neurol (2015) 22(9):1275–9. doi:10.1111/
ene.12738 
65. Negrotto L, Farez MF, Correale J. Immunologic effects of metformin and 
pioglitazone treatment on metabolic syndrome and multiple sclerosis. JAMA 
Neurol (2016) 73(5):520–8. doi:10.1001/jamaneurol.2015.4807 
66. Berkovich R, Subhani D, Steinman L. Autoimmune comorbid condi-
tions in multiple sclerosis. US Neurol (2011) 7(2):132–8. doi:10.17925/
USN.2011.07.02.132 
67. Wang C, Ruiz A, Mao-Draayer Y. Assessment and treatment strategies for a 
multiple sclerosis relapse. J Immunol Clin Res (2016) 3(1):1032. 
68. Finkelsztejn A, Brooks JBB, Paschoal FM, Fragoso YD. What can we really 
tell women with multiple sclerosis regarding pregnancy? A systematic 
review and meta-analysis of the literature. BJOG (2011) 118(7):790–7. 
doi:10.1111/j.1471-0528.2011.02931.x 
69. Zorgdrager A, De Keyser J. The premenstrual period and exacerbations in 
multiple sclerosis. Eur Neurol (2002) 48(4):204–6. doi:10.1159/000066166 
70. Foroughipour A, Norbakhsh V, Najafabadi SH, Meamar R. Evaluating sex 
hormone levels in reproductive age women with multiple sclerosis and their 
relationship with disease severity. J Res Med Sci (2012) 17(9):882–5. 
71. Kempe P, Hammar M, Brynhildsen J. Symptoms of multiple sclerosis during 
use of combined hormonal contraception. Eur J Obstet Gynecol Reprod Biol 
(2015) 193:1–4. doi:10.1016/j.ejogrb.2015.06.030 
72. Bove R, Vaughan T, Chitnis T, Wicks P, De Jager PL. Women’s experiences 
of menopause in an online MS cohort: a case series. Mult Scler Relat Disord 
(2016) 9:56–9. doi:10.1016/j.msard.2016.06.015 
73. Hughes GC, Choubey D. Modulation of autoimmune rheumatic diseases 
by oestrogen and progesterone. Nat Rev Rheumatol (2014) 10(12):740–51. 
doi:10.1038/nrrheum.2014.144 
74. Yadav V, Shinto L, Bourdette D. Complementary and alternative medicine 
for the treatment of multiple sclerosis. Expert Rev Clin Immunol (2010) 
6(3):381–95. doi:10.1586/eci.10.12 
75. Yadav V, Bever C, Bowen J, Bowling A, Weinstock-Guttman B, Cameron 
M, et  al. Summary of evidence-based guideline: complementary and alter-
native medicine in multiple sclerosis: report of the guideline development 
subcommittee of the American Academy of Neurology. Neurology (2014) 
82(12):1083–92. doi:10.1212/WNL.0000000000000250 
76. Voskuhl RR, Wang H, Wu TCJ, Sicotte NL, Nakamura K, Kurth F, et al. Estriol 
combined with glatiramer acetate for women with relapsing-remitting multi-
ple sclerosis: a randomised, placebo-controlled, phase 2 trial. Lancet Neurol 
(2016) 15(1):35–46. doi:10.1016/S1474-4422(15)00322-1 
77. Pozzilli C, De Giglio L, Barletta VT, Marinelli F, Angelis FD, Gallo V, et al. 
Oral contraceptives combined with interferon β in multiple sclerosis. 
Neurol Neuroimmunol Neuroinflamm (2015) 2(4):e120. doi:10.1212/
NXI.0000000000000120 
78. Gold SM, Voskuhl RR. Pregnancy and multiple sclerosis: from molecular 
mechanisms to clinical application. Semin Immunopathol (2016) 38(6):709–18. 
doi:10.1007/s00281-016-0584-y 
79. Writing Group for the Women’s Health Initiative. Risks and benefits of 
estrogen plus progestin in healthy postmenopausal women: principal results 
8Mills et al. Validating and Managing MS Relapse
Frontiers in Neurology | www.frontiersin.org March 2017 | Volume 8 | Article 116
from the women’s health initiative randomized controlled trial. JAMA (2002) 
288(3):321–33. doi:10.1001/jama.288.3.321 
80. Walitt B, Pettinger M, Weinstein A, Katz J, Torner J, Wasko MC, et al. Effects 
of postmenopausal hormone therapy on rheumatoid arthritis: the women’s 
health initiative randomized controlled trials. Arthritis Rheum (2008) 
59(3):302–10. doi:10.1002/art.23325 
81. Zapata LB, Oduyebo T, Whiteman MK, Houtchens MK, Marchbanks PA, 
Curtis KM. Contraceptive use among women with multiple sclerosis: 
a systematic review. Contraception (2016) 94(6):612–20. doi:10.1016/j.
contraception.2016.07.013 
82. Gava G, Bartolomei I, Costantino A, Berra M, Venturoli S, Salvi F, et al. Long-
term influence of combined oral contraceptive use on the clinical course of 
relapsing-remitting multiple sclerosis. Fertil Steril (2014) 102(1):116–22. 
doi:10.1016/j.fertnstert.2014.03.054 
83. Hellwig K, Chen LH, Stancyzk FZ, Langer-Gould AM. Oral contraceptives 
and multiple sclerosis/clinically isolated syndrome susceptibility. PLoS One 
(2016) 11(3):e0149094. doi:10.1371/journal.pone.0149094 
84. Zozulya AL, Wiendl H. The role of regulatory T cells in multiple sclerosis. Nat 
Clin Pract Neurol (2008) 4(7):384–98. doi:10.1038/ncpneuro0832 
85. Aristimuño C, Teijeiro R, Valor L, Alonso B, Tejera-Alhambra M, de Andrés 
C, et al. Sex-hormone receptors pattern on regulatory T-cells: clinical impli-
cations for multiple sclerosis. Clin Exp Med (2012) 12(4):247–55. doi:10.1007/
s10238-011-0172-3 
86. Pakpoor J, Goldacre R, Schmierer K, Giovannoni G, Goldacre MJ. Testicular 
hypofunction and multiple sclerosis risk: a record-linkage study. Ann Neurol 
(2014) 76(4):625–8. doi:10.1002/ana.24250 
87. Kurth F, Luders E, Sicotte NL, Gaser C, Giesser BS, Swerdloff RS, et  al. 
Neuroprotective effects of testosterone treatment in men with multiple scle-
rosis. Neuroimage Clin (2014) 4:454–60. doi:10.1016/j.nicl.2014.03.001 
88. Hussain R, Ghoumari AM, Bielecki B, Steibel J, Boehm N, Liere P, et  al. 
The neural androgen receptor: a therapeutic target for myelin repair in 
chronic demyelination. Brain (2013) 136(1):132–46. doi:10.1093/brain/ 
aws284 
89. Fijak M, Schneider E, Klug J, Bhushan S, Hackstein H, Schuler G, et  al. 
Testosterone replacement effectively inhibits the development of experimen-
tal autoimmune orchitis in rats: evidence for a direct role of testosterone on 
regulatory T cell expansion. J Immunol (2011) 186(9):5162–72. doi:10.4049/
jimmunol.1001958 
Conflict of Interest Statement: EAM and AM have no conflicts of interest. No 
commercial funding was received to support this work. YM-D has served as a 
consultant and/or received grant support from: Acorda, Bayer Pharmaceutical, 
Biogen Idec, EMD Serono, Genzyme, Novartis, Questor, Chugai, and Teva 
Neuroscience.
Copyright © 2017 Mills, Mirza and Mao-Draayer. This is an open-access article 
distributed under the terms of the Creative Commons Attribution License (CC 
BY). The use, distribution or reproduction in other forums is permitted, provided 
the original author(s) or licensor are credited and that the original publication 
in this journal is cited, in accordance with accepted academic practice. No use, 
distribution or reproduction is permitted which does not comply with these 
terms.
